We present the results of experiments demonstrating the spectroscopic detection of Förster resonance energy transfer from NH3 in the X 1 A1 ground electronic state to helium atoms in 1sns 3 S1 Rydberg levels, where n = 37 and n = 40. For these values of n the 1sns 3 S1 →1snp 3 PJ transitions in helium lie close to resonance with the ground-state inversion transitions in NH3, and can be tuned through resonance using electric fields of less than 10 V/cm. In the experiments, energy transfer was detected by direct state-selective electric field ionization of the 3 S1 and 3 PJ Rydberg levels, and by monitoring the population of the 3 DJ levels following pulsed microwave transfer from the 3 PJ levels. Detection by microwave spectroscopic methods represents a highly state selective, low-background approach to probing the collisional energy transfer process and the environment in which the atom-molecule interactions occur. The experimentally observed electric-field dependence of the resonant energy transfer process, probed both by direct electric field ionization and by microwave transfer, agrees well with the results of calculations preformed using a simple theoretical model of the energy transfer process. For measurements performed in zero electric field with atoms prepared in the 1s40s 3 S1 level the transition from a regime in which a single energy transfer channel can be isolated for detection to one in which multiple collision channels begin to play a role has been identified as the NH3 density was increased.
I. INTRODUCTION
Resonant energy transfer processes, in which electronic, vibrational or rotational energy is transferred from one atom or molecule to another, or between different parts of a single molecule, play important roles in a wide range of natural phenomena. The physical mechanism behind these processes was described by Förster [1] in terms of excitation transfer between donor and acceptor molecules interacting by electric dipole-dipole interactions. The resonant interaction between such systems, V dd , can be expressed as [2] V dd ( R) = 1 4π 0
where µ A and µ B are the transition dipole moments in systems A and B, respectively, and R = | R| is the intersystem distance. These Förster resonance energy transfer processes are widely exploited in the condensed phase in spectroscopic approaches to measuring distances between fluorescent tags in proteins [3, 4] , in time-resolved mapping of conformation changing and folding, e.g., in RNA [5] , and play a role in energy transfer in light-harvesting complexes [2] . In the gas phase, at high temperature or pressure these processes contribute to spectral line broadening [6] , for example, in collisions of C 2 H 2 with He which are of astrophysical interest and must be considered when modeling and interpreting spectra of planetary atmospheres [7] . In collisions of cold molecules at low energies we foresee * Present address: Laboratorium für Physikalische Chemie, ETH Zürich, CH-8093 Zürich, Switzerland opportunities to exploit the long-range resonant dipoledipole interactions that lead to energy transfer between reactants to regulate access to short-range chemical processes including, for example, Penning ionization [8] [9] [10] . It has also been recently suggested that the resonant transfer of energy between Rydberg atoms and cold polar molecules could be used to efficiently and nondestructively detect the molecules [11] , and to characterize their rotational state populations [12] . The electric dipole-dipole interactions associated with Förster resonance energy transfer have also be considered in schemes for coherent control [13] and molecular cooling [14, 15] .
Atoms or molecules in highly excited Rydberg states are particularly well suited to studies of resonant energy transfer in the gas phase [16] [17] [18] [19] [20] [21] . This is because of the wide range of Rydberg-Rydberg transition frequencies that can be chosen from to ensure that the resonance condition with a particular collision partner is satisfied, and the large electric dipole transition moments (on the order of 1000 D for n ≥ 30) associated with these transitions. For these reasons, a number of studies have been performed in the past to probe resonant energy transfer between Rydberg atoms and thermal samples of polar ground state molecules. In the absence of applied external fields, measurements of the discrete transfer of rotational energy from NH 3 to the electronic degrees of freedom of Xe Rydberg atoms [22] , studies of the effects of collisions with NH 3 [23] and CO [24] on the fluorescence lifetimes of Rydberg states of Rb, and the observation of contributions from the inversion transitions in NH 3 and ND 3 to the ionization of K atoms in Rydberg states with n = 150 [25] have been performed. Most recently, we have demonstrated control over the resonant transfer of energy from the inversion sublevels in NH 3 to Rydberg He atoms for the first time [26] .
In the experiments reported here, we extend our recent 2 work on collisions of NH 3 and Rydberg He atoms with further studies of the dependence of the energy transfer process on the strength of applied dc electric fields, and on the density of NH 3 . In addition to the method of Rydberg-state-selective electric field ionization that we employed previously to identify state changing arising as a result of resonant energy transfer, we have now also implemented microwave spectroscopic techniques to probe the energy transfer process and the environment in which the atom-molecule interactions occur. In the experiments, an effusive beam of NH 3 , in the X 1 A 1 ground electronic state interacted with He atoms excited to 1sns
3 S 1 ≡ |ns levels, with n = 37 and n = 40, in a pulsed supersonic beam. At the 300 K operating temperature of the NH 3 source the inversion transitions in the most-populated lowest vibrational level of the X 1 A 1 state lie at ∆E/h 23 GHz (∆E/hc 0.79 cm −1 ), and are close to resonant with the |ns → |np transitions (1snp 3 P J ≡ |np ) in He for n = 36 − 41. The collisional energy transfer process studied is therefore
where −(+) indicates the upper anti-symmetric (lower symmetric) inversion sublevel, v is the vibrational quantum number, and J and K are the total angular momentum quantum number, and the projection of J onto the symmetry axis of the molecule, respectively. The remainder of this paper is structured as follows: In Sec. II the theoretical model used to describe the resonant energy transfer processes is presented before the apparatus used in the experiments is described in Sec. III. In Sec. IV the results of experiments performed with atoms initially photoexcited to the |37s Rydberg state, and which involved detection by direct state-selective electric field ionization, as used previously in the work reported in Ref. [26] , and microwave spectroscopic methods, are presented. These include the demonstration of electric-field controlled Förster resonance energy transfer. The dependence of the energy transfer process on the NH 3 density in zero electric field for atoms initially prepared in the |40s state is then presented along with microwave spectroscopic studies of Rydberg-Rydberg transitions in atoms after undergoing energy transfer. Finally, in Sec. V conclusions are drawn and areas for future work are briefly outlined.
II. THEORETICAL BACKGROUND
The process of resonant energy transfer from NH 3 to Rydberg He atoms studied here can be described theoretically using an approach similar to that employed to treat energy transfer between pairs of Rydberg atoms in Ref. [17] . In the case of interest here, the electric dipole transition moments of the collision partners, µ A and µ B in Eq. 1, are replaced by µ He = np|eˆ r |ns and µ NH3 = +|eˆ r |− , respectively. Because of the angular dependence of the second term in the square brackets in Eq. 1, the absolute value of V dd ranges from 0 to 2µ NH3 µ He /(4π 0 R 3 ), depending on the relative orientation of the dipole moments. In the experiments described here, when the atoms and molecules approached each other their dipole moments were randomly oriented with respect to each other. With this in mind, and without considering effects of dynamical orientation as the dipoles approach each other, the typical interaction potential,Ṽ dd , is simply assumed to bẽ
The R −3 dependence ofṼ dd permits the assumption that
where b is the impact parameter. Considering an atommolecule interaction time, t, during which R ≤ b, energy transfer is assumed to occur whenṼ dd t/h 1, i.e., the product of the interaction rate and interaction time exceed 1. For a relative collision speed v, the interaction time is t b/v whenṼ dd t/h = 1. Since the cross-section associated with a single scattering channel with an impact parameter b is σ = πb 2 , the cross-section for resonant energy transfer, σ R , is therefore
In accounting for the dependence of µ He on the interaction electric field, F int , the Rydberg states that evolve adiabatically to the pure |ns and |np levels in zero field are denoted |ns and |np , respectively. The corresponding electric dipole transition moments are then | np |μ|ns | = µ ns ,np (F int ). The electric dipole transition moments associated with the inversion of the NH 3 molecule, µ NH3 = µ J,K = | J, K, +|μ|J, K, − |, are unaffected by the relatively weak electric fields used in the experiments. However, they do depend on the rotational quantum numbers of the states populated. This leads to a set of transition dipole moments [27] 
where µ 0 = 1.468 D.
In zero electric field the |40s → |40p transition which occurs in He at 0.794 cm −1 (≡ 23.80 GHz) is approximately resonant with the spectral-intensity-weighted centroid inversion transition frequency in a room temperature gas of NH 3 , 0.78 cm −1 (≡ 23.38 GHz). In this case, | 40p|μ|40s | 3300 D and, for a relative collision speed of v = 2000 m/s, which is typical under the conditions of the experiments described here (see . The red point labelled 1 represents a typical position in the Stark map in which collisions with NH3 leads to energy transfer and excitation to the |37p state (red vertical arrow from 1 to 2). After an interaction time of 5 µs, Fint is reduced to zero (dashed black curve from 2 to 3) and a pulse of microwave radiation, ν pd , resonant with the |37p → |37d transition in zero electric field is applied (green vertical arrow from 3 to 4).
Sec. III), a cross-section for resonant energy transfer of σ R = 1.1 × 10 −11 cm 2 results. For the triplet Rydberg states in He with values of n < 40 the |ns → |np transition in zero electric field lies higher than the centroid room-temperature inversion transition frequency. This can be seen in Fig. 1 for the case in which n = 37. This figure contains a Stark map of the triplet n = 37 manifold of Rydberg states in He for electric fields up to 8 V/cm. When calculating this Stark map the quantum defects, δ n , of the states with low electron orbital angular momentum, , were obtained from the results reported in Ref. [29] , i.e., δ 37s = 0.296685, δ 37p = 0.068347 and δ 37d = 0.002887, and δ 37f = 0.000446.
In zero electric field the |37s , |37p and |37d states lie lower in energy than the higher angular momentum states. For this value of n, the zero-field |ns → |np transition lies above the centroid inversion transition frequency in NH 3 . The gray shaded band, the center of which is at ∼ −80.65 cm −1 in zero field, in the figure corresponds to the energy of the |37s state added to which is the centroid inversion transition wavenumber in a room temperature sample of NH 3 . The width of this band represents the full-width-at-half-maximum (FWHM) of the set of spectral-intensity-weighted inversion transition wavenumbers. As can be seen the process of resonant energy transfer between the two systems can be tuned into resonance upon the application of appropriate electric fields. In these situations the transition dipole moments, and hence energy transfer cross sections, depend on the strength of the applied electric field. Transition dipole moments, µ 37s ,37p , calculated from the eigenvectors of the complete Hamiltonian matrix describing the interaction of the Rydberg atom with an external electric field [28] , are displayed in Fig. 2 for fields up to 12 V/cm. The electric field, F int , for which the |37s → |37p transition in He is resonant with the |1, 1, − → |1, 1, + inversion transition in NH 3 is indicated by the dashed vertical line in Fig. 2 . The calculated transition dipole moment µ 37s ,37p has a maximum value of ∼ 2800 D in zero field and decreases as the electric field increases. This dependence of the transition dipole moment on the electric field strength shows a similar general trend for each value of n in the range from 36 to 40.
From the data in Fig. 1 and in Fig. 2 , the electric field dependence of the energy transfer process, which arises through the Rydberg state transition dipole moments µ ns ,np (F int ), and the detuning from resonance of the inversion transition for each rotational state populated in the NH 3 beam, is determined. To calculate a quantity which is proportional to the signal measured in the experiments a Gaussian dependence of the energy transfer rate on the detuning from resonance is assumed. The FWHM of this Gaussian function, ∆E FWHM , is derived from the inverse of the atom-molecule interaction time to be
In using this model, which was also employed in Ref. [26] , to aid in the interpretation of the experimental data only one fit parameter is required to allow comparison with the observations -the constant of proportionality associated with the resonance width, C width .
III. EXPERIMENT
The apparatus used in the experiments is similar to that described in Ref. [26] . A pulsed supersonic beam of He atoms in the metastable 1s2s 3 S 1 level was generated in a dc electric discharge at the exit of a pulsed valve. The discharge was seeded with electrons from a heated tungsten filament [30] and the valve was operated at a repetition rate of 50 Hz. After passing through a 2-mmdiameter skimmer, and an electrostatic filter to remove stray ions produced in the discharge, the atomic beam crossed two co-propagating continuous wave (cw) laser beams. The first laser beam was frequency stabilized to be resonant with the 1s2s
He at 25708.5876 cm −1 (≡ 388.9751 nm), and the second was tuned to drive 1s3p 3 P 2 → 1sns 3 S 1 transitions in the presence of a weak electric field, where n = 37 or n = 40. These transitions occur at 12664.656 cm −1 (≡ 789.599 nm) for n = 37, and 12676.499 cm −1 (≡ 788.861 nm) for n = 40. The laser beams were focused to FWHM beam waists of ∼100 µm. The longitudinal speed of the ensemble of excited Rydberg atoms was ∼ 2000 m/s. The longitudinal translational temperature of the atomic beam in the moving frame of reference was ∼ 0.5 K, and the transverse temperatures were less than 10 mK. The density of excited atoms was estimated to be on the order of 10 7 cm −3 (see Ref. [31] ).
As indicated in the schematic diagram in Fig. 3 (a) Rydberg state photoexcitation took place between a pair of 70 mm×100 mm, copper plates labelled E1 and E2. To prepare a spatially localized ensemble of Rydberg atoms, photoexcitation of the |37s or |40s states was performed in the presence of a pulsed electric field, F excite , for a time of 3 µs [see Fig. 3(b) ]. This field was generated by applying a pulsed potential to electrode E2 to bring the atomic transition into resonance with the infrared laser which was detuned slightly below the 1s3p 3 P 2 → 1sns 3 S 1 transition wavenumber in zero electric field. In the experiments performed with atoms excited to the |37s state, 1 µs after F excite was switched to zero, a second adjustable, pulsed electric potential was applied to E2 for a time of 5 µs [see Fig. 3(b-i) ]. This pulsed potential was chosen to generate selected interaction electric fields, F int , in which the collisions with the NH 3 occurred.
The NH 3 molecules were introduced into the interaction region of the apparatus through a 1-mm-diameter flexible stainless steel tube. This effusive molecular-beam source was operated at room temperature. The pressure at which the NH 3 source was maintained was measured using a Pirani gauge and was adjusted in the range from P NH3 = 0.01 to 1.8 mbar. Under normal operating conditions the pressure in the main vacuum chamber was 10 −7 mbar and rose to ∼ 10 −6 mbar when the ammonia was present. The mean speed of the beam of NH 3 molecules in the interaction region of the apparatus was calculated to be 720 m/s [32] , with an expected number density of ∼ 10 9 cm −3 for P NH3 = 1 mbar.
After the atoms interacted with the ammonia molecules for 5 µs, a microwave pulse with a duration of ∼ 2 µs and a frequency, ν pd , resonant with the |37p → |37d (or |40p → |40d ) transition in zero electric field could then be applied [ Fig. 3(b-ii) ]. The microwave radiation was coupled into the interaction region in the apparatus from a copper antenna located outside a 15 mm-diameter quartz vacuum window. Following the interaction of the atoms with the microwave field, and ∼ 12.5 µs after laser photoexcitation, a slowly-rising time-dependent electric potential was applied to the copper plate E1, to generate a time-dependent electric field that increased at a rate of ∼ 300 V/(cm µs) to allow state-selective detection of the Rydberg atoms by elec-tric field ionization. The ionized electrons were accelerated through a hole in plate E2 and toward a microchannel plate (MCP) detector. This detection region of the apparatus was located ∼ 25 mm downstream from the position of Rydberg state photoexcitation. The radiative lifetime of, e.g., the |37s state in He is ∼ 40 µs. Since this is significantly longer than the flight time of the Rydberg atoms from their position of photoexcitation to the detection region (∼ 12.5 µs) changes in the lifetime of this state in the time-dependent electric fields used in the experiment did not have a significant effect on the measurements.
IV. RESULTS
Förster resonance energy transfer in collisions of NH 3 with Rydberg He atoms was studied for two different initially prepared Rydberg states, the |37s and |40s states. In zero electric field the |37s → |37p transition lies above the centroid inversion transition frequency in NH 3 but can be tuned into resonance with the inversion transitions using electric fields between 5 and 8 V/cm. On the other hand, the |40s → |40p transition is approximately resonant with the centroid inversion transition frequency in zero field.
A. Detection by direct state-selective electric field ionization
Considering first the measurements preformed at n = 37. The experimental data displayed in Fig. 4 demonstrate the effect of the energy transfer process on the electron signal recorded following direct ionization of the excited Rydberg atoms in a slowly-rising time-dependent electric field without applying the microwave pulse in Fig. 3(b-ii) . In Fig. 4(a) the dependence of the electron signal resulting from ionization of the |37s state in the absence of NH 3 is displayed as the continuous green curve. The intensity maximum of this signal occurs for an ionization field of ∼ 208 V/cm. To obtain a reference for how the electric-field-ionization signal changes when population is transferred to the |37p state, a pulse of microwave radiation, ν sp , resonant with the |37s → |37p transition in zero field, was applied between the time of laser photoexcitation and pulsed electric field ionization. The resulting data is displayed as the dashed blue curve in Fig. 4(a) and shows an increase in signal for high ionization fields, i.e., for fields greater than 215 V/cm. These higher fields required to ionise the |37p state are commensurate with transfer of population to |m | = 1 sublevels which ionise quasi-diabatically.
After recording the reference data by selective preparation of the initial and final Rydberg states of interest, the microwave source was turned off and replaced with the effusive molecular beam. The electric field ionization data recorded with this beam operated at P NH3 = 1.8 mbar and for an interaction field of F int = 3.6 V/cm is displayed as the thin black curve in Fig. 4(b) . The overall reduction in intensity with respect to the data recorded in the absence of the NH 3 is a result of Penning ionization, and ionizing and Rydberg-state-changing collisions in which rotational energy, and the energy associated with the inversion transitions, is transferred from the molecules. However, a small enhancement in the signal at and around the ionization field of the |37p state can be seen. This increase in the |37p signal can be 6 isolated by normalizing the data recorded with the NH 3 present so that the intensity maxima of the two data sets at ∼ 208 V/cm are equal. The contribution to the signal from the |37s state recorded in the absence of NH 3 is then subtracted from the signal obtained in the presence of the NH 3 to yield the difference signal displayed in Fig. 4(c) . This data shows a positive change in the signal intensity for low ionization fields, i.e., fields between 180 and 210 V/cm, which is attributed to effects of rotational energy transfer from the NH 3 molecules to Rydberg states with n > 37. However, the data in Fig. 4(c) also exhibit a positive change in signal intensity for ionization fields close to, and above, 215 V/cm where the |37p state ionizes. Using this measurement procedure a lower limit on the |37p electron signal arising as a result of resonant energy transfer in the atom-molecule collisions was obtained by integrating the difference signal in Fig. 4(c) for ionization fields from 215 to 240 V/cm, as indicated.
B. Microwave assisted state-selective electric field ionization
Further information on the process of resonant energy transfer was obtained by microwave spectroscopy of |np → |nd transitions in zero electric field that can only occur following the collisional population of |np Rydberg states. In carrying out these measurements ionization of the Rydberg atoms using time-dependent electric fields was also employed to permit state-selective detection, however, the addition of a pulse of microwave radiation to transfer atoms from the |np to |nd Rydberg states at the end of the atom-molecule interaction period [see Fig. 3(b) -ii], provided an unambiguous signature of the resonant energy transfer process in a single measurement.
The effects of each of the electric field and microwave pulses, employed in the implementation of this detection scheme, on the Rydberg states populated can be seen from the numbered points in Fig. 1 . In the experiments, after initial photoexcitation of the |37s state, the excited atoms were polarized by applying an electric field F int = 4.9 V/cm (red point labelled 1 in Fig. 1 ). If this field is tuned to bring the |37s → |37p transition into resonance with the |J, K, − → |J, K, + inversion transitions, population transfer to the |37p state (red vertical arrow from 1 to 2 in Fig. 1 ) can occur. After a fixed atom-molecule interaction time the electric field F int is decreased to zero (dashed black arrow from 2 to 3 in Fig. 1 ) before a 2-µs-long pulse of microwave radiation, resonant with the |37p → |37d transition at a frequency of ν pd = 8.526 GHz, is applied to transfer Rydberg atoms in the |37p state that have undergone resonant energy transfer with the NH 3 , into the |37d state (green vertical arrow from 3 to 4 in Fig. 1) . A time-dependent ionization electric field is subsequently applied permitting state-selective detection of the atoms. Using this detection scheme the ionization profiles displayed in Fig. 5 were recorded. In carrying out these measurements, a wider range of more rapidly changing ionization fields were employed than those used in recording the data in Fig. 4 . With only the |37s state populated the data presented as the continuous green curve in Fig. 5(a) was recorded. The sharp features at ionization fields of ∼ 220 V/cm and ∼ 280 V/cm in this figure both originate from atoms in the |37s state. The differences in the structure of this signal from that in Fig. 4(a) arise as a result of the time-dependence of the ionization field used which was optimized to ultimately detect atoms in the |37d state. These differences modify the electric field ionization dynamics at the avoided crossings in the Stark map for the Rydberg states, and the electron trajectories to the MCP detector in the apparatus.
Upon introducing NH 3 into the apparatus at a source pressure of P NH3 = 0.9 mbar, the electric field ionization signal displayed as the black curve in Fig. 5(a) was recorded. Differences are clearly seen upon comparing this set of data and that recorded without NH 3 , particularly for ionization fields above 300 V/cm. To isolate the signal associated with the energy transfer channel resonant with the inversion transitions in NH 3 , the 2-µs-long pulse of microwave radiation, ν pd , resonant with the |37p → |37d transition was applied at the end of the interaction period, prior to electric field ionization. The ionization signal resulting from this additional step in the experimental procedure is displayed as the dashed blue curve in Fig. 5(b) where the data in Fig. 5(a) is also included for direct comparison. Upon subtracting the signal recorded with ν pd off, from that recorded with ν pd on, the data presented in Fig. 5(c) was obtained. The enhancement in the |37d electron signal at an ionization field of ∼ 355 V/cm can be clearly identified. This enhancement does not appear in the absence of the NH 3 .
C. Electric-field controlled Förster resonance energy transfer
To probe changes in the resonant transfer of energy with the strength of the interaction electric field, F int was varied while monitoring the integrated electron signal in the shaded windows between the ionization fields of 215 and 240 V/cm in Fig. 4 , and 350 and 360 V/cm in Fig. 5 . The corresponding data, recorded by direct electric field ionization and by the microwave assisted detection scheme, are presented in Fig. 6(a) and (b) , respectively. When recording the data in Fig. 6 (a) the NH 3 source was operated at 1.8 mbar, while for that in Fig. 6(b) it was operated at 0.9 mbar. Both of these sets of data exhibit a similar resonance feature at F int 5 V/cm. This is the field for which the resonance condition for the energy transfer process and the electric field dependence of the cross section for resonant energy transfer conspire to give the maximal energy transfer rate under the experimental conditions. The two sets of experimental data in Fig. 6 are compared with the results of calculations in which the constant of proportionality associated with the resonance width, C width in Eq. 8 (see Sec. II), was set to 18 and 23 D cm The data in Fig. 6(a) recorded at the higher NH 3 source pressure by direct electric field ionization follow more closely the calculated curve for which C width = 18 D cm −1 . On resonance, when F int = 5 V/cm and µ 37s ,37p = 2050 D, the pseudo first-order kinetic model yields a resonance width of 0.33 cm −1 (≡ 9.8 GHz) for this value of C width . Consequently, the typical atommolecule interaction time for collisions that lead to observable energy transfer is inferred to be 0.1 ns, and from Eq. 8 the corresponding relative collision speed is approximately 350 m/s. On the other hand the measurements carried out with microwave assisted detection are in better agreement with the calculations for which C width = 23 D cm −1 . In this case the resonance width is 0.42 cm −1 (≡ 12.6 GHz), the typical atom-molecule interaction time is 0.08 ns, and the corresponding relative collision speed is approximately 430 m/s. These differences in the typical relative collision speeds in these two sets of data are attributed in part to the stricter conditions imposed on the longitudinal speed of the component of the Rydberg atom beam that was detected using the microwave assisted detection scheme, and deviations in the relative directions of propagation of the He and NH 3 beams in the two experiments. However, they may also be indicative of a departure from the simple theoretical model based on pseudo first order kinetics. More generally these results highlight the sensitivity of the mea- surements to the relative collision speed of the atoms and molecules and provide a strong motivation for performing future experiments with velocity controlled beams.
D. Effects of molecular beam density
The theoretical model presented in Sec. II and used to describe the resonant energy transfer process is based on pseudo first order chemical kinetics. For this model to hold, it therefore requires that (1) there is an excess of NH 3 in the collision environment so that the NH 3 density does not change significantly within a single experimental cycle, (2) the energy transfer channel isolated for study is not coupled to other channels, i.e., in a collision in which energy is transferred from the inversion sublevels of NH 3 to the Rydberg He atoms the molecule does not also undergo rotational or vibrational state changes, or Penning ionization, and (3) the atoms to which energy is transferred in the collisions with the NH 3 experience no more than one inelastic collision. In the effusive molecular beams used in the experiments these conditions are only expected to hold for low NH 3 densities. At higher densities, the large number of rotational states populated are expected to result in significant contributions particularly from processes (2) and (3) above.
To identify the pressures at which the NH 3 beam can be operated while remaining in a regime in which this pseudo first order kinetic model is valid, measurements were made using the microwave assisted detection scheme with atoms initially excited to the |40s state. In recording this data F int = 0 V/cm, and for each repetition of the experiment P NH3 was adjusted. The results are displayed in Fig. 7 . For the lower NH 3 source pressures used in recording these data, i.e., those below ∼ 0.4 mbar, the integrated signal resulting from the energy transfer process increases approximately linearly with source pressure. This is expected for a first order process. However, for pressures above ∼ 0.4 mbar the rate at which the energy transfer signal changes reduces. This is indicative of a change from a first order process to one in which multiple collisions, or multiple collision channels, start to play a role. The results of these measurements suggest that for the experiments described here and in Ref. [26] , which were performed at NH 3 source pressures close to and above 1 mbar with NH 3 densities on the order of ∼ 10 9 cm −3 , the first order kinetic model only provides an approximate description of the dynamics. The use of quantum-state-selected molecular beams in future experiments will provide opportunities to accurately probe the broad range of competing processes that contribute to the transition away from regime in which pseudo first order kinetics dominate.
E. Microwave spectroscopy
Further evidence of effects arising from collision channels other than those associated with the resonant energy transfer channel of interest have been identified by microwave spectroscopy of the |37p → |37d transition in atoms that have undergone resonant energy transfer. Such spectra are displayed in Fig. 8(a) . The upper spectrum, vertically offset by 0.5 in this figure, was recorded with the NH 3 beam on while the lower one was recorded in the absence of NH 3 . Without NH 3 the collisional transfer of population from the initially laser photoexcited |37s state to the |37p state, when F int = 4.9 V/cm as in Fig. 5 , does not occur. Consequently, when the microwave spectrum was recorded no resonance was observed. On the other hand, when the |37p state was populated through resonant energy transfer from the NH 3 , a clear spectral feature, at the frequency of the |37p → |37d transition, ν pd = 8.550 GHz, is seen.
In recording the spectra in Fig. 8 (a) the microwave pulses used had durations of 2 µs. Hence, Fouriertransform-limited spectra are expected to exhibit resonances with widths of ∼ 0.5 MHz. However, the spectral feature in the upper part of this figure has a width of ∼ 300 MHz. The spectral broadening is attributed to the presence of ions in the interaction region of the apparatus when the NH 3 was present. To shift the |37p → |37d transition by half of the measured spectral width, i.e., 150 MHz, a field of 150 mV/cm would be required. This corresponds to the electric field at a distance of 10 µm from a singly-charged cation, and suggests the presence of a significant number of ions in the interaction region, possibly at number densities up to 10 8 cm −3 , when the NH 3 beam is present. Such high densities of ions are not present in the apparatus when the NH 3 beam is off. This is confirmed in the two-photon spectrum of the |37s → |37d transition in Fig. 8(b) recorded using the same integration window as the spectra in (a). The shift of this measured two-photon transition frequency by less than 300 kHz from that predicted from the quantum defects in Ref. [29] suggests that in the absence of NH 3 , stray electric fields in the interaction region of the apparatus are cancelled to ∼ 7 mV/cm. The ions in the interaction region when the NH 3 is present result from a combination of (1) Penning ionization of NH 3 in collisions with He atoms in the metastable 1s2s 3 S 1 level, (2) Penning ionization of NH 3 in collisions with Rydberg He atoms, and (3) ionization of Rydberg He atoms following energy transfer from the rotational degrees of freedom of the thermal NH 3 beam. In future experiments contributions from collisional ionization processes to the production of such ions in the interaction region of the apparatus can be reduced by using state-selected supersonic beams of NH 3 , and by guiding or deflecting the excited Rydberg atoms away from the ground state and metastable components of the atomic beam [33] [34] [35] before interacting with the NH 3 .
V. CONCLUSION
In conclusion, resonant energy transfer from the inversion sublevels in thermal beams of NH 3 to He atoms in triplet Rydberg states has been studied in zero applied electric field, and in static electric fields of up to 12 V/cm. By using direct Rydberg-state-selective electric field ionization and microwave spectroscopic methods to isolate individual resonant energy transfer channels, the resonant behaviour of the energy transfer process was demonstrated by tuning the strength of the applied electric fields. The electric field dependence of the energy transfer process is in good agreement with the predictions of a theoretical model.
Comparison of the results presented here and in Ref. [31] , with earlier studies of -changing, in collisions of Rydberg atoms with polar molecules which do not occur through Förster resonance (see, e.g., Ref. [17] and references therein) but rather as a result of Rydberg-electron scattering from the polar molecule perturber within its orbit, suggests that for the isolated energy transfer channels studied here at least 80% of the detected energytransfer signal results from the Förster resonance process. This bound is limited by the uncertainties in the experimental data. It will be of interest, and importance, in future experiments to further distinguish the roles that each of these Rydberg-atom-molecule interactions play in the resonant energy transfer process, and identify contributions from these and other long-range interactions between the collision partners, to the conditions for the resonant transfer of energy.
In zero applied electric field the evolution of the energy transfer process from one described by pseudo first order chemical kinetics to one in which multiple collisions, or multiple collision channels, begin to play a role was identified as the NH 3 density was increased. By performing microwave spectroscopy of the Rydberg atoms after undergoing resonant energy transfer, the presence of stray ions in the interaction region of the apparatus could be identified. Effects of these ions on the energy transfer process will be controlled and the measured resonance widths reduced in future experiments through the use of quantum-state-selected supersonic molecular beams, and inhomogeneous electric fields to merge these with the Rydberg atom beams [36, 37] . This will open up new opportunities for studies of molecular dynamics at low temperatures and low collision energies in which longrange electric dipole interactions can be exploited to regulate access to short range processes including Penning ionization, and ion-molecule chemistry.
